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Abstract — High efficient and less pollutant fuel cell stacks are 
emerging and strong candidates of the power solution used for 
mobile base stations. In the application of the backup power, 
the availability and reliability hold the highest priority.  This 
paper considers the reliability metrics from the component-
level to the system-level for the power stage used in a fuel cell 
application.  It starts with an estimation of the annual 
accumulated damage for the key power electronic components 
according to the real mission profile of the fuel cell system. 
Then, considering the parameter variations in both the lifetime 
model and the stress levels, the Weibull distribution of the 
power semiconductors lifetime can be obtained by using Monte 
Carlo analysis. Afterwards, the reliability block diagram can 
further be adopted to evaluate the reliability of the power stage 
based on the estimated power semiconductor reliability. In a 
case study of a 5 kW fuel cell power stage, the parameter 
variations of the lifetime model prove that the exponential 
factor of the junction temperature fluctuation is the most 
sensitive parameter. Besides, if a 5-out-of-6 redundancy is 
used, it is concluded both the B10 and the B1 system-level 
lifetime can be remarkably increased compared to when no 
redundancy is used. 
I. INTRODUCTION 
Fuel cell systems have progressed from being a potential 
promising technology to a commercially viable power 
solution for mobile base stations, due to their high energy, 
high reliability, and less pollution [1], [2]. As a telecom 
system is possibly connected to a remote power grid 
location, frequent interruptions lead the availability and 
reliability of the backup power system of intense importance. 
Otherwise, the telecom communication lines and systems 
may suffer from the disruptions and failure. 
As shown in Fig. 1, regardless of the stressor types and 
failure mechanisms, the component failure occurs at the 
presence of overlap between the stress and strength 
distribution [3]. Considering a constant stress and strength, a 
fixed time-to-failure can be expected due to the annually 
accumulated stress and the degraded strength [4]-[9]. In 
reality, there are parameters variations in the applied 
components and the corresponding lifetime models, and a  
 
Fig. 1. Stress and strength curve without and with variations.   
certain degree of uncertainties in the environmental and 
operation conditions. Therefore, the time-to-failure of 
individual components is distributed within a certain range. 
The parameterized distribution for the reliability data set can 
then be used to estimate the essential life characteristics of 
the product, such as the reliability or the probability of 
failure within a specific time, and the failure rate. In the case 
of the stress and strength distribution, the numerical results 
can be obtained by using Monte Carlo analysis, a broad class 
of computational algorithms that rely on repeated random 
samplings [3]. Afterwards, the parameters of Weibull 
distribution can be estimated by means of curve fitting, 
which it is a widely used statistical distribution to represent 
large samples of life data [10]. By using the reliability block 
diagram [11], [12], a fault-tree analysis [13], or the Markov 
chains [14], the system-level reliability metrics can be 
derived from the component-level, where the estimated 
lifetime can be compared between the component and 
system. Meanwhile, the impact of redundancy design on 
system-level reliability can also be evaluated. 
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Fig. 2. Dc/dc power converter used in fuel cell system with secondary-side synchronous rectification. 
This paper introduces an approach to assess the system-
level reliability of the power stage used in a fuel cell 
application. In section II, with the identified critical 
components and their main stressor, the annual accumulated 
damage of the component can be estimated based on the real 
mission profile. Then, section III focuses on the lifetime 
distribution from the accumulated damage considering 
parameter variations of the stress evaluation and the lifetime 
model. The system-level reliability metrics are then assessed 
in section IV by using the reliability block diagram. Finally, 
the concluding remarks are drawn in section V. 
II. ANNUAL ACCUMULATED DAMAGE OF KEY POWER 
ELECTRONIC COMPONENTS WITHOUT PARAMETER 
VARIATION 
As the power semiconductor is one of the most fragile 
parts of power electronic converters [4], this section starts 
with the annual damage estimation of the power devices used 
in a fuel cell backup power system. The topology and the 
operation principle of the power stage are firstly described, 
and the key power electronic components should be 
identified. Afterwards, the procedure of lifetime estimation is 
addressed based on the stress analysis and lifetime models of 
power semiconductors. According to the real mission profile, 
the lifetime expectancy of each power component can be 
predicted in the case study of a 5 kW fuel cell system. 
A. Description of fuel cell power converter 
For the backup power application, due to the variable 
output voltage of the fuel cell stack, a dc/dc power converter 
is required in order to match the regulated voltage needed in 
telecom application. The topology with galvanic isolation is 
shown in Fig. 2, where the specification and main parameters 
are listed in Table I. It is noted that the rated power of the 
converter is 1 kW, and six converters are connected in 
parallel for a 5 kW power stage for the sake of the 
redundancy. Moreover, synchronous rectification is adopted 
to achieve lower conduction losses in the situation of the 
low-voltage and high-current in the secondary-side of the 
transformer [15]. 
As shown in Fig. 2, since the reflected voltage of the 
transformer primary-side can be higher or lower than the fuel 
cell output voltage, the power converter is able to operate in 
both step-up mode and step-down mode. In the case of step-
up mode, the primary-side inductor is charged by the 
activation of all transistors, while it is discharged by the 
parallel connection of the two transformers. It can be seen  
Table I 
POWER CONVERTER SPECIFICATION AND PARAMETERS 
Input voltage Vin 30 – 65 V 
Output voltage Vo 48 V 
Maximum output power Po 1000 W 
Primary-side MOSFETs 100 V/74 A, ×8 
Secondary-side MOSFETs 100 V/74 A, ×8 
Input inductor L 15 μH 
Transformer ratio n 1:1 
Switching frequency fsw 50 kHz 
 
Fig. 3. Key waveforms in dc/dc power converter, where I and V indicate 
the current and voltage stress of the MOSFET. (a) Step-up mode (1 kW); 
(b) Step-down mode (250 W). 
that during the discharge period, the middle leg carries two 
times of current of the side legs. As a result, two transistors 
are selected in parallel in the middle leg for the same current 
loading of all primary-side transistors. In the case of the step-
down mode, the inductor is charged by the parallel  
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Fig. 4. A flowchart to predict lifetime of power semiconductor used in fuel 
cell backup power system.   
connection of the transformers, while it is discharged by the 
series connection of the transformers. 
At the primary-side, due to the symmetrical loading of 
the upper and lower transistors, only Qp1, Qp3 and Qp5 are 
chosen. Similarly, apart from the symmetrical loading of the 
upper and lower transistors, the two rectifiers share the same 
current and voltage loading. As a result, Qs1 is able to 
represent the loading at the secondary-side. Their driving 
signals as well as the current and voltage stress are illustrated 
in Fig. 3 in terms of the step-up mode and the step-down 
mode. It is evident that the performances of the primary-side 
transistors behave the same as in the step-up mode, but the 
current and the voltage of the primary-side transistors are 
unevenly distributed in the step-down mode. 
B. Procedure to estimate lifetime of power semiconductor 
As aforementioned, the power semiconductor reaches the 
end-of-lifetime when the overlap occurs between its stress 
and strength.  From the power cycling perspective, the stress 
analysis is related to the mission profile (e.g. the ambient 
temperature, the loading profile, and also the grid 
availability), while the strength model is determined by the 
selection of the power device. For the backup power 
application, two major working modes can be defined – the 
standby mode and the operation mode as shown in Fig. 4. 
In the case of the normal grid condition, the fuel cell 
power converter works in the standby mode. As the power 
semiconductor stays in idle mode, its junction temperature 
can be assumed to be the same with the ambient temperature. 
The daily and the annual ambient temperature can then be 
classified in order to take the time-scale effect into account. 
Afterwards, the Rainflow counting is adopted to extract the 
temperature amplitude and its cycling from the irregular 
temperature profiles [16]. On the basis of the lifetime model  
 
Fig. 5. Loss breakdown of each power semiconductor in the dc/dc 
converter. (a) Step-up mode (1 kW); (b) Step-down mode (250 W).  
of the power semiconductors, the annual consumed lifetime 
can be calculated. 
In the case of a grid outage, the fuel cell stack takes over, 
and the power converter shifts to work in the operation 
mode. The junction temperature of the power semiconductor 
is determined by the ambient temperature and the loading 
profile. As discussed in [17], 10 hours of full load and 2 
hours of 25% load are repeated every half day in the telecom 
application. These two typical operation points need to be 
translated into the current and voltage stress of the power 
semiconductors. According to the loss model and the thermal 
model of the power device, the junction temperature at 
various loads can be calculated. With the information of the 
annual grid outage frequency and its duration, the consumed 
lifetime can be estimated based on the lifetime model of the 
power semiconductors. 
C. Annnual accumulated damage of power devices 
Due to the increased junction temperature caused by the 
operational loading compared to the ambient temperature, 
the operation mode dominates the lifetime consumption of 
the fuel cell power converter [18]. As mentioned before, only 
Qp1, Qp3, Qp5 and Qs1 are studied because of the symmetrical 
feature of the circuit. 
The MOSFET losses mainly consist of the conduction 
loss (Pcon) and the switching loss, where the switching loss 
can be further divided into the turn-on losses (Pon) and the 
turn-off losses (Poff). According to the loss calculation 
mentioned in [19], the loss breakdown of the MOSFETs is 
shown in Fig. 5, where the full load and the quarter load are 
investigated. It is obvious that in the case of full load, three 
legs at the primary-side share the same loss distribution. 
However, the loss distribution becomes uneven in the 
situation of the 25% load due to the different current and 
voltage stress among the three legs at the primary-side. 
Moreover, as the synchronous rectification performs in the 
way of the natural commutation, there is no switching loss in 
the secondary-side. Furthermore, it can be seen that the 
switching losses are much higher than the conduction losses.  
Neglecting the thermal coupling from the adjacent 
devices, each MOSFET can be regarded as an independent 
thermal system due to its package. Considering the ambient 
temperature of 40 ºC as the worst case scenario, the mean 
junction temperature (Tjm) and the junction temperature 
fluctuation (dTj) can be calculated as shown in Fig. 6, based  
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Fig. 6. Thermal profile of each power semiconductor. (a) Step-up mode (1 
kW); (b) Step-down mode (250 W).  
 
Fig. 7. Annual accumulated damage of the analyzed MOSFETs under 25% 
load and full load.  
on the thermal impedance from the junction to the ambient. 
It can be seen that the thermal stress of the power 
semiconductor is proportional to its loss dissipation. 
By using the Bayerer lifetime model [20], the cycle to 
failure Nf can be expressed as, 
31 2exp( )
273f j onjm
N A dT t
T
  (1) 
where the power cycle is closely related to the junction 
temperature swing dTj, the mean junction temperature Tjm as 
well as its on-time duration ton. Besides, A, β1, β2, and β3 can 
be obtained according to test data provided by the 
manufacturer of the device. 
In the case of the severe working condition, the outage of 
the power grid may occur daily, and the outage duration lasts 
4 hours in average. Together with the thermal profile 
described in Fig. 6, the cycle to failure can be calculated in 
the conditions of the full load and the quarter load, 
respectively. On the other hand, the annual power cycling of 
each loading condition can be estimated with the grid outage 
duration. On the basis of the Miner’s rule [21], the annual 
damage D can be calculated by annual power cycling n over 
the corresponding end-of-life power cycles, 
( )
(i)
i
f
n
D
N
    (2) 
where subscript i indicates different loading conditions like 
full load and 25% load.  
 
Fig. 8. Normal distrbution of the factors from the strength model. (a) A – 
scaling factor; (b) β1 – exponential factor of temperature swing; (c) β2 – 
exponential factor of average temperature; (d) β3 – exponential factor of 
on-state time. 
The annual accumulated damage of the power device 
under two different loading levels is shown in Fig. 7. It can 
be seen that Qp5 has the highest lifetime consumption of 
0.64%, while the Qs1 consumes the least due to their 
remarkably various thermal stress. 
III. TIME-TO-FAILURE DISTRIBUTION CONSIDERING 
PARAMETER VARIATIONS 
The previous section gives a fixed annual damage of 
MOSFETs used in power converter, but the uncertainties due 
to the statistic properties of the applied lifetime model and 
the parameter variations of the power device should also be 
taken into account. Therefore, a statistical approach to 
analyze lifetime performance subject to parameter variations 
is carried out in detail by means of Monte Carlo simulation. 
Finally, the time-to-failure distribution of the power 
semiconductor can be estimated by considering parameter 
variations. 
A. Variations in lifetime model 
Since the lifetime model is obtained from the accelerated 
testing results based on a specific number of testing samples, 
there is a certain degree of uncertainty of derived constant 
parameters. As mentioned in [20], the coefficients of the 
Bayerer model are fitted by a large number of test data, and 
they are given within a certainty range.  
All the parameters in the lifetime model are modeled by 
means of Normal probability density function (pdf), which 
can be seen in Fig. 8, assuming that A, β1, β2 and β3 
experience a variation of 5%. It is noted that μ denotes the 
mean value of the distribution, and σ denotes the standard 
deviation. In order to simplify the thermal stress from both 
the full load and the quarter load, the equivalent static values 
of the lifetime data can be calculated in Table II. Since the 
number of thermal cycles is related to the grid outage 
frequency, the equivalent number of cycles to failure can be  
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Table II 
EQUIVALENT STATIC VALUE FOR EACH MOSFET 
 Qp1 Qp3 Qp5 Qs1 
Number of cycles per 
year n 365 365 365 365 
Annual damage D 5.20E-2 5.20E-2 6.30E-2 2.87E-6 
Number of cycles to 
failure Nf 
7.02E4 7.02E4 5.79E4 1.27E8 
Mean junction 
temperature Tjm 
62.5 61.0 102.7 43.3 
On-state time ton 14400 14400 14400 14400 
Junction temperature 
fluctuation dTj 
83.9 85.5 54.4 14.4 
calculated together with the annual damage. Afterwards, as 
the mean junction temperature is determined by the thermal 
profile as well as the probabilities of the loading condition, 
the equivalent static junction temperature fluctuation can be 
calculated together with the on-state time, which is the same 
as the period of the grid outage. 
In order to evaluate the effects of parameter variations on 
the annual damage of the MOSFETs, a sensitivity analysis is 
performed by considering each individual parameter 
variations, while other parameters are maintained to the 
mean value of their distributions. Each distribution is 
sampled by using Monte Carlo simulations, whose sample  
 
Fig. 9. Annual damage distribution considering the parameter variations in 
the lifetime model. (a) A – scaling factor; (b) β1 – exponential factor of 
temperature swing; (c) β2 – exponential factor of average temperature; (d) 
β3 – exponential factor of on-state time. 
numbers results in the accuracy of the output distribution. As 
a consequence, 10,000 samplings are chosen to establish the 
accumulated damage distribution. 
 
Fig. 10. Parameter varations by Normal distribution from stress evaluation. (a) Tjm – average junction temperature; (b) dTj – junction temperature swing; (c) 
ton – on-state duration.  
 
Fig. 11. Annual damage distribution considering variations in stress. (a) Tjm – average junction temperature; (b) dTj – junction temperature swing; (c) ton – 
on-state duration.
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Fig. 12. Monte Carlo analysis considering all parameter variations from the stress evaluation and lifetime model. (a) Annual damage; (b) Time-to-failure 
distribution; (c) Accumulated percentage of failure (i.e. unreliability) along with the operation time.  
Considering the four parameter variations of the applied 
lifetime mode, the annual damage distribution of the most 
stressed power semiconductor Qp5 is shown in Fig. 9. The blue 
pillars indicate the frequency of occurrence, while the red 
curve is the fitting pdf of the normal distribution. It is noted 
that the annual damage deviates most in the case of the 
exponential factor of the junction temperature fluctuation β1, 
which indicates that the lifetime model is most sensitive to this 
factor. 
B. Variations in stress 
The second type of the uncertainty exists due to variances 
in the manufacturing process (like the typical, maximum and 
minimum on-state resistance of the MOSFET), which results in 
the variation of the mean junction temperature and the junction 
temperature fluctuation. Meanwhile, the duration of the grid 
outage is randomly distributed because of the various working 
locations. 
For the illustration purpose, the Qp5 is selected as an 
example. The mean junction temperature, junction temperature 
fluctuation and the on-state time experience a variation of 5% 
as shown in Fig. 10. Again, by using Monte Carlo simulation, 
the sensitivity analysis from the stress evaluation can be 
calculated and seen in Fig. 11. It is noted that the mean annual 
damage of these variations have the same value of 6.30E-3, 
which is consistent with the static value.   
C. Time-to-failure distribution by using Weibull  
In the condition that all parameter variations are taken into 
account, by using Monte Carlo simulation, the annual damage 
distribution is depicted in Fig. 12(a). It is known the time-to-
failure data can typically follow the Weibull distribution,  
1(t) ( ) exp[ ( ) ]t tf    (3) 
where η denotes the scale parameter, and β denotes the shape 
parameter.  
As a result, the fitting curve can be obtained with the scale 
parameter of 7.4E-3 and the shape parameter of 3.00.  
 
Fig. 13. Monte Carlo analysis of four typical power switches. (a) End-of-life 
probability density function; (b) Accumulated failure. 
Assuming that the mission profile is repeated every year, the 
probability of the lifetime is distributed as shown in Fig. 12(b). 
Afterwards, the unreliability or failure of the power switch Qp5 
can be deduced, which is the integration of the probability 
density function. It is noted that 10% and 1% of MOSFETs are 
predicted to have a failure after 78 and 31 years of operation. 
IV. SYTEM-LEVEL REALIBITY METRICS BY USING 
RELIABILITY BLOCK DIAGRAM 
In this section, similar Monte Carlo analysis is extended to 
the key components of the power electronics converter, and  
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Fig. 14. Reliability metrics by using reliability block diagram. (a) 
Composition of 1 kW power converter; (b) Composition of 5 kW power stage.  
their lifetime distribution can be obtained. Afterwards, the 
system-level reliability is assessed by using the reliability 
block diagram, where the redundancy of the paralleled power 
converters is taken into account as well. 
A. Time-to-failure distribution of key components 
With the static equivalent values of each component as 
listed in Table II, the lifetime distribution of the key MOSFETs 
is shown in Fig. 13(a), considering the 5% parameter variations 
from the lifetime model and the stress analysis. Since the scale 
parameter of the Weibull function denotes the value when 
63.2% failure occurs, it is predicted that the Qp5 has the lowest 
scale parameter according to the accumulated damage 
estimation as shown in Fig. 7. In fact, it can be seen that Qp5 
has the lowest scale parameter of 189.  
For the accumulated failure as shown in Fig. 13(b), it can 
be seen that Qp1, Qp3 and Qp5 reach end-of-life at the operation 
time around 500 operation years. However, 500-year operation 
hardly contributes on the lifetime consumption of Qs1 due to its 
remarkably higher scale parameter of 3.9E5.  
B. System-level reliability metrics 
In order to assess the reliability metrics of the whole power 
stage in the fuel cell system, major steps can be divided into 
the reliability analysis of a 1 kW power converter and a 5 kW 
power stage, respectively. By using the reliability block 
diagram, the procedure to calculate the reliability metrics is 
shown in Fig. 14. It can be noted that due to the same time-to-
failure characteristic of the representing power devices, only 
these components are depicted. 
For the reliability analysis of 1 kW power converter (sub-
system), the existence of any failed MOSFET (component) 
results in the abnormal operation of the power converter, which 
indicates that all MOSFETs are connected in series in the 
reliability block diagram. As the reliability of the series block 
is the product of the all components, the failure function of the 
sub-system Fsub can be expressed by the component failure 
function Fcom [3], [11], 
( )(t) 1 (1 F (t))Sub Com i
i
F    (4) 
 
Fig. 15. Accumulated percentage of failure. (a) From MOSFETs (component) 
to power converter (sub-system); (b) From power converter (sub-system) to 
power stage (system).  
As mentioned before, the MOSFETs are not evenly 
stressed and the four representing MOSFETs can be found. 
The reliability of 1 kW power converter can then be calculated 
by considering all the MOSFETs used in the primary-side and 
secondary-side. 
As shown in Fig. 15(a), the sub-system reliability can be 
deduced from the component-level reliability. It can be seen 
that the failure percentage of the sub-system reaches 100% 
after around 150 operation years, much lower than the 
component lifetime. Moreover, the B10 lifetime of the most 
stressed component Qp5 is 87 years, while the B10 lifetime of 
the 1 kW power converter is reduced to 49 years. Besides, the 
more critical B1 lifetime of the most stressed component and 
the power converter are 50 years and 23 years, respectively. 
For the reliability analysis of the whole power stage, it can 
be estimated from the reliability analysis of the 1 kW power 
converter, where six 1 kW power converter are connected in 
parallel for the 5 kW application. In the case of m-out-of-n 
redundancy, the failure function of the system Fsys can be 
expressed as [3], 
1
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The failure function of the whole power stage is shown in 
Fig. 15(b), where the cases with and without redundancy are 
compared as well. Due to the fact that 5 reliability blocks are 
series connected in the condition of without redundancy, the 
lifetime of the power stage is significantly reduced compared 
to the 1 kW power converter. However, in the case of using 
redundancy, the reliability of the power stage can be enhanced 
compared with no redundancy. For instance, it can be seen that 
the B1 lifetime of 1 kW power converter is 23 year. At the 
same time, the expected operation time of the power stage 
without redundancy is 14 years, while the expected lifetime 
with redundancy can be enhanced to 32 years.   
V. CONCLUSION 
This paper has described an approach to convert the 
component-level reliability to system-level reliability in the 
application of a fuel cell power converter. Based on the real 
mission profile fuel cell system, a fixed lifetime of each power 
semiconductor can be estimated. By means of Monte Carlo 
analysis, the lifetime distribution can be obtained by 
considering the parameter variations from both the stress 
analysis and lifetime model. With the help of a reliability block 
diagram, the reliability of the component can be extended to 
the system. The lifetime distribution has an advanced 
estimation of important life characteristics, such as reliability 
or probability of failure at a specific time, and failure rate. In a 
case study of 5 kW fuel cell system, the parameter variations of 
the lifetime model prove that the exponential factor from the 
junction temperature fluctuation is the most sensitive. Besides, 
if a 5-out-of-6 redundancy strategy is used for six paralleled 
power converters, it is concluded the B1 system-level lifetime 
is increased from 14 years to 32 years. It guides a design 
tradeoff between the manufacturer cost and reliability 
consideration when using the redundant topology. 
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